Summary -Here we report the genome sequence of the lesion nematode, Pratylenchus coffeae, a significant pest of banana and other staple crops in tropical and sub-tropical regions worldwide. Initial analysis of the 19.67 Mb genome reveals 6712 protein encoding genes, the smallest number found in a metazoan, although sufficient to make a nematode. Significantly, no developmental or physiological pathways are obviously missing when compared to the model free-living nematode Caenorhabditis elegans, which possesses approximately 21 000 genes. The highly streamlined P. coffeae genome may reveal a remarkable functional plasticity in nematode genomes and may also indicate evolutionary routes to increased specialisation in other nematode genera. In addition, the P. coffeae genome may begin to reveal the core set of genes necessary to make a multicellular animal. Nematodes exhibit striking diversity in the niches they occupy, and the sequence of P. coffeae is a tool to begin to unravel the mechanisms that enable the extraordinary success of this phylum as both free-living and parasitic forms. Unlike the sedentary endoparasitic root-knot nematodes (Meloidogyne spp.), P. coffeae is a root-lesion nematode that does not establish a feeding site within the root. Because the P. coffeae nematode genome encodes fewer than half the number of genes found in the genomes of root-knot nematodes, comparative analysis to determine genes P. coffeae does not carry may help to define development of more sophisticated forms of nematode-plant interactions. The P. coffeae genome sequence may help to define timelines related to evolution of parasitism amongst nematodes. The genome of P. coffeae is a significant new tool to understand not only nematode evolution but animal biology in general.
has been largely neglected in favour of the sedentary endoparasites, including the root-knot and cyst nematodes. Pratylenchus spp. attack a wide variety of crop species and causes substantial damage to the cortical tissue, resulting in decay and development of 'lesions', which are avenues for fungal and bacterial infection. A devastating pathogen of banana, plantain, vegetables and citrus, the host range of P. coffeae includes more than 250 different plant species. It is often found in combination with other phytophagous nematodes, including the burrowing nematode, Radopholus similis, the spiral nematode, Helicotylenchus multicinctus, and the root-knot nematodes, Meloidogyne spp. Pratylenchus coffeae probably originated in the Pacific Rim/Southeast Asia region but is now distributed worldwide. It was most likely transported to new regions on banana planting material (corms) during colonial expansion, and it remains the most important nematode pest of both diploid and triploid bananas in its centre of origin. It is also a significant problem in Central and South America on Cavendish cultivars (AAA), and in Africa. In Ghana, P. coffeae is reported to cause up to 60% production loss of plantains (AAB) and it is also a significant problem in South Africa. In other African banana-growing regions its distribution is more localised, suggesting it may be a more recent introduction in these areas.
Pratylenchus coffeae is a migratory endoparasite of the root cortex and corm of banana, plantain and other Musa species. All life stages and both sexes of P. coffeae invade and feed in the root and corm, and reproduction and egg deposition occur over a 20-30-day period at 25-30°C. At 19.6 Mb, P. coffeae has been reported to have the smallest genome size yet reported for a multicellular animal, as determined by flow cytometry (Leroy et al., 2003) . Infection by P. coffeae causes extensive necrosis of the cortex and corms, which results in lesions and breaking of roots; P. coffeae does not penetrate the stele (vascular cylinder) of the root. The lesion nematode enters the plant by puncturing the cell walls of the root and inserting its head into the cell. Once the cell wall has been penetrated, the nematode injects the cell with saliva and subsequently ingests the contents of the cell. Nematode activity within the root cortex causes reddish-brown to black, elongated lesions that are readily seen when the roots are split open. The spread of the resulting lesions are often exacerbated by the invasion of other rot-causing organisms, with rots extending 2 cm or more into the corms, causing the condition known as "blackhead" (Gowen et al., 2005) . Root systems are weakened or destroyed, causing lack of vigour and poor fruiting in infested plants. Such plants are readily blown over, or "toppled", and the roots are exposed (Gowen et al., 2005) . When lesion nematodes are controlled, plant density is higher, bunch weight and frequency of fruiting are increased and the need for replanting reduced. Yield increases of 30-60% are often recorded.
Damage to the root system results in stunting of the plant, decreased bunch weight, lengthening of the production cycle and toppling or uprooting of the plant. Indirectly, the reduced root growth results in reduced soil organic matter and leaching of nutrients and increased erosion, furthering the decline in production.
In contrast to the migratory endoparasitic nematodes, the sedentary endoparasites (including the root-knot nematodes, Meloidogyne spp.) form complex feeding sites within the root system of the host plant. Infective Meloidogyne spp. juveniles are free in the soil and are functionally analogous to dauer larvae in Caenorhabditis elegans. They penetrate the root, preferentially in the zone of elongation or at the site of a lateral root emergence, and migrate intercellularly into the vascular cylinder, causing little or no wound response or damage to the plant in contrast to migratory endoparasitic nematodes. Once in the vascular cylinder, the nematode makes a commitment to establish a feeding site. Although the basis for this decision is unknown, the events that immediately ensue are central to the host-parasite interaction, and involve dramatic changes both in plant and nematode, leading to giant cell induction and gall formation. The migration phase within the root is accompanied by extensive secretion of proteins by the infecting nematode and this is also the case for the lesion nematodes. Nematodes have a number of secretory systems, and secretions play numerous and central roles in host-parasite interactions (Smant et al., 1998; Mitchum et al., 2013; Quentin et al., 2013) . All plant-parasitic nematodes have an extensible stylet connected to a muscular pharynx with three or five associated gland cells. Various enzymatic functions for the secretions have been proposed, and initial cloning and sequencing of genes encoding gland proteins have permitted the nature of the secretion products to be discerned with confidence. Mature Meloidogyne spp. females release hundreds of eggs into a proteinaceous matrix on the surface of the root. Following a first moult in the egg, motile secondstage infective juveniles hatch in the soil and typically reinfect the same plant.
In this paper we report the genome sequence of Pratylenchus coffeae and compare it with information on the genomes of C. elegans and Meloidogyne spp.
Materials and methods
We sequenced the genome of P. coffeae using Roche 454 technology from genomic DNA obtained from cultures collected from a banana plantation maintained on banana at CORBANA, Costa Rica, and from cultured P. coffeae maintained on carrot discs at INRA-Martinique. We generated 0.615 Gb of useable sequence from WGS and two sets of paired-end libraries (3 kb and 8 kb), equating to 31-fold coverage of the 19.6 Mb genome. We assembled the reads using Newbler and annotated using a variety of platforms. Transposable elements, non-coding RNAs and the protein-coding gene set were inferred using a combination of predictive modelling and homologybased approaches. Orthology and synteny analyses were conducted using established methods. We utilised previously sequenced transcriptome data sequenced from mixed-stage P. coffeae populations to assemble contigs and used these data to aid gene predictions and explore key genes associated with parasitism, behaviour, reproduction and development. All proteins predicted from the gene set were annotated using databases for conserved protein domains, gene ontology annotations and model nematodes (C. elegans and Meloidogyne hapla). Essentiality predictions were conducted using established and in-house methods.
REPEAT ANALYSIS
RepeatMasker (v3.2.8) (Smit et al., 2004) was used to calculate the distribution and abundance of repetitive sequences and the best match selected from overlapping matches in RepeatMasker output to avoid calculating the same region multiple times. Transposable elements (TEs) in the assembly were identified by de novo identification of repeat families in the assembly based on signatures and manual curation performed to determine potential coding regions on intact TEs. Our analysis determined that the majority of unannotated elements contained no open reading frames longer than 25-30 bp, nor did they have significant matches to repetitive elements in the public databases.
PROTEIN CODING GENE PREDICTION
GlimmerHMM was used for first round ab initio gene prediction. A gff file containing C. elegans gene predictions was parsed for exon start and end positions for each gene. The exon positions and genome assembly were used as a training set for GlimmerHMM (Haas et al., 2008 ). The trained data were then used to scan the entire assembly for predicted genes, resulting in 7533 predicted genes.
In the second round of gene prediction, a reference dataset of 12 560 P. coffeae ESTs (>100 bp) was manually curated from EST clusters (Haegeman et al., 2011a ) and predictions of highly conserved genes were used for gene prediction training. Of these, 1975 had matches to the NCBI NR database (<e-25) and C. elegans WormBase release 221 (wormbase.org) and were used to train the abinitio gene predictor Augustus (Stanke & Morgenstern, 2005) , resulting in 4931 predicted genes.
GeneDetective was used to compare P. coffeae to the C. elegans predicted protein database (WB release 221), resulting in 6268 unique matches. GeneDetective was also used to compare P. coffeae to the M. hapla predicted protein database (HapPep 3.0), resulting in 5685 unique matches.
We combined predictions for Glimmer and Augustus with homology matches to WormPep, HapPep and NCBI NR manually to resolve unique gene regions within the P. coffeae genome, resulting in the predicted protein dataset of 6712.
FUNCTIONAL ANNOTATION
Initial functional annotation was performed using InterProScan to search against the InterPro protein family database, which included PROSITE, PRINTS, Pfam, ProDom, SMART, TIGRFAMs, PIR SuperFamily and SUPERFAMILY (Zdobnov & Apweiler, 2001; Bateman et al., 2004) . A Pfam search (version 24.0) was also performed independently for the P. coffeae genome. Gene Ontology annotation was derived using Blast2GO software (Goti et al., 2008) based on the BLAST (Altschul et al., 1990 ) match against NCBI non-redundant (NR) proteins with an E-value cutoff of 1e-10 and InterProScan results.
Assignments to conserved positions in metabolic and regulatory pathways were performed using Blast2GO software based on the KEGG annotation resource (Kanehisa & Goto, 2000) . KEGG genes and KO term annota-tions were assigned based on similarity searches with a 1e-5 E-value cut-off.
ANNOTATION OF CARBOHYDRATE ACTIVE ENZYMES (CAZYMES)
We annotated putative carbohydrate active enzymes (CAZymes) by association between CAZyme families and Pfam domains with an E-value threshold of 0.01 and a bitscore threshold of 55. The annotation was supplemented and confirmed manually using BLAST search similarities and protein length matches. Putative functions of the proteins were predicted by similarity to known protein modules and presence of catalytic sites using BLASTP search against NCBI's Conserved Domain Database service and InterProScan (http://www.ebi.ac.uk/ Tools/InterProScan).
EFFECTOR CANDIDATES INVOLVED IN HOST-PARASITE

INTERACTION
BLASTP was used to search for P. coffeae homologues of effectors from M. hapla, M. incognita, Heterodera glycines, Globodera pallida and Bursaphelenchus xylophilus. An E-value cutoff of 1e-5 was used to identify significant matches. In addition, candidate effectors were sought from the P. coffeae protein set using a bioinformatic approach. Secreted proteins were identified as those having a potential signal peptide at their N-terminus predicted by SignalP 3.0 (Petersen et al., 2011) and no transmembrane domain within the mature peptide as predicted using TMHMM 2.0 (Krogh et al., 2001) .
RNAI PATHWAY
A total of 78 proteins known to be involved in core aspects of the C. elegans RNAi pathway were identified from the literature and WormMart. Protein sequences, including known isoforms, were downloaded from WormBase (release WS221) and used as queries in TBLASTN and BLASTP searches against the predicted protein and contig databases. Positive BLAST hits (with a bitscore 40 and an E-value 0.01) were translated in all six reading frames, and analysed for domain structure by BLASTP (through NCBI's Conserved Domain Database service) and InterProScan. The appropriate reading frame in each case was then subjected to reciprocal TBLASTN and BLASTP against the C. elegans non-redundant nucleotide and protein databases on the NCBI BLAST server (http://www.ncbi.nlm.nih.gov/BLAST), using default settings. The identity of the top-scoring reciprocal BLAST hit was accepted as identity of the relevant primary hit, as long as that identity was also supported by domain structure analysis.
DAUER-RELATED GENES
Protein sequences known to be involved in dauer formation and maintenance were retrieved from WormBase and used as search strings in a series of tBLASTn and BLASTP searches against P. coffeae genome and protein sequences. An E-value cutoff of 1e-10 was used to identify significant matches.
CHEMOSENSORY BEHAVIOUR-RELATED GENES
We utilised genes identified in C. elegans known to be involved in chemosensory behaviours to identify potential orthologues in the P. coffeae genome. BLASTP and InterProScan were used to search for P. coffeae orthologues of these proteins. All primary BLASTP hits returning with an E-value 0.0001 and coverage ratio 0.7 were analysed for identity and domain structure by BLASTP (NCBI's Conserved Domain Database service), WormBase (WS221) and TMHMM 2.0.
DATA AVAILABILITY
Raw sequence data has been deposited at NCBI (available 25 March 2015) under BioProject ID PRJNA276478 and accession numbers SRS857861, SRX891472, SRX892877 and SRX892880. Project information is available online at http://www.ncbi.nlm.nih.gov/ bioproject/?term=PRJNA276478.
Results and discussion
The P. coffeae genome sequence assembled into 19.67 Mb on 5821 contigs, corresponding to the size previously determined by flow cytometry (Leroy et al., 2003) . Significantly, gene-finding algorithms predicted only 6712 genes, the smallest gene complement yet identified in a metazoan (Opperman et al., 2008; Rodelsperger et al., 2013) . At 342 genes Mb −1 , gene density in P. coffeae is high compared to any previously sequenced nematodes. The 38.1% G+C content is in the typical range for nematodes and prevalence of repetitive DNA is very low, with less than 1% total interspersed repeats (Table S1 in the Supplementary Information). Despite a 3% polymor- phism rate, our genome assembly accounts for approximately 98% coverage of the genome (Table 1) . One remarkable feature of the P. coffeae genome is that genes average only two exons per gene compared to four or more in other sequenced nematode species. This may account, in part, for the small genome size.
Compared to C. elegans, P. coffeae carries 33% of the gene complement and 50% of the gene space, further accounting for its reduced genome size (Table 1) . This is largely reflected by reduction in gene family members. In some cases, such as the oxidative phosphorylation pathway, the complete pathway is observed in P.
Vol. 00(0), 2015coffeae (Fig. S1A in the Supplementary Information) but most often where C. elegans may have multiple enzymes at a given point in a metabolic pathway (e.g., fatty acid metabolism), P. coffeae generally has only one (Fig. S1B in the Supplementary Information). This apparent lack of redundancy may reflect the niche each nematode occupies. Caenorhabditis elegans is found in and around decaying organic matter in the soil, a complex environment with many competing signals, whereas P. coffeae spends the majority of its life inside the relatively 'noisefree' plant root. Examining Pfam domains indicates P. coffeae is reduced in gene family numbers compared to the more complex sedentary endoparasitic nematode M. hapla. Caenorhabditis elegans has larger numbers per family than either P. coffeae or M. hapla in most cases, although there are several rare exceptions and in a few cases, the plant nematodes carry domains not found in C. elegans (Fig. 1) .
A hallmark of metazoans is that they undergo embryogenesis. In C. elegans, 2617 genes exhibit an embryolethal, RNAi phenotype. We obtained these genes from WormMart and undertook a comparison to C. briggsae, P. coffeae and M. hapla, revealing 1844 in common (Fig. 2) . This is likely the core set of essential genes for nematode embryogenesis. Taken as a percentage of total predicted gene numbers, these results indicate that approximately 30% of the P. coffeae gene complement is dedicated to 'making' the worm, compared with 10-15% in C. elegans and M. hapla. Of the 2617 genes screened, 533 embryonic lethal genes are present in C. elegans, C. briggsae and M. hapla but not in P. coffeae, which may indicate increased developmental complexity in the former genomes, or simply reflect the vastly reduced gene number in P. coffeae. Additionally, there are 34 embryonic lethal genes found in C. elegans that are not present in any of the other three nematodes, suggesting expansion of gene number in C. elegans. Embryonic lethal genes reflect a variety of classes, many of which have unknown functions. The genes not found in P. coffeae may reveal important developmental comparisons and may also indicate potential functions.
G-protein-coupled receptors (GPCRs) sense molecules outside the cell and activate signal transduction pathways and cellular responses to stimuli, and are involved in a wide array of physiological processes. The GPCRs are the largest gene family observed in C. elegans, which encodes more than 1200, many with unknown function. By contrast, M. hapla has 137 GPCRs (Opperman et al., 2008) , whilst P. coffeae possesses only 55 (Fig. 3) . Comparison of key genes in the C. elegans olfactory system to P. coffeae reveals both conservation of the pathway and reduced gene numbers. The gpa (G-protein subunit alpha) genes in C. elegans are involved in numerous chemosensory behaviours, including chemotaxis to water-soluble and volatile compounds (Bargmann, 2006) , and at least 15 gpa genes are known; M. hapla carries orthologues to the majority of these genes. By contrast, P. coffeae carries only orthologues of gpa-3, gpa-5, gpa-12 and odr-3 ( Table 2 ). The downstream signal transduction and regulatory genes in these pathways are largely conserved between P. coffeae, M. hapla and C. elegans (Table 2) , suggesting that P. coffeae possesses a basal olfactory system.
In contrast to fully conserved metabolic pathways, many developmental pathways in C. elegans are only partially conserved in the P. coffeae genome. Sex determination is a key developmental event in all nematodes, yet P. coffeae carries a limited number of proteins with significant similarity to those involved in sex determination in C. elegans (Table 3) . Of the major sex determining genes in C. elegans, only tra-3 and, the mog (masculinisation of germline) genes are highly conserved. Although some other downstream sex determination genes are also conserved, as a whole this pathway remains obscure in P. coffeae. By contrast, many of the genes in other C. elegans pathways have clear orthologues in P. coffeae. For example, many genes involved in RNAi function of small RNAs can unequivocally be found in P. coffeae, with the sole exception of rde-4, which is not well conserved across phylogenetic distances (Table 4) . Not surprisingly, the RNAi phenomenon can be experimentally induced in P. coffeae (Joseph et al., 2012) . Similarly, many genes involved in basic nematode development are well conserved reflecting their primary roles in generalised growth as opposed to response to specific environments. Gene Ontology analysis and Pfam domain determinations support these broad similarities in developmental processes (Figs 1, S2) . The ability to form dauers is broadly conserved across the Nematoda. Genetic analysis in C. elegans identified 32 genes as dauer-affecting (daf ) (Hu, 2007) ; P. coffeae carries strong orthologues of 18 C. elegans daf genes, and weak orthologues of two more (Table 5) . Pratylenchus coffeae carries a robust orthologue of the daf-12 gene encoding the dafachronic acid (DA) receptor, further supporting the deeply conserved central role of DA-daf-12 signalling in nematode development. The molecular identities of those genes not found in P. coffeae appear related to specific developmental cues connected to life style, and demonstrate that although the basic mechanical aspects of development are conserved, response to environment in parasitic vs free-living nematodes is substantially different.
It has been hypothesised that horizontal gene transfer (HGT) has played a significant role in the evolution of feeding and pathogenesis in plant-parasitic nematodes (Scholl et al., 2003; Danchin et al., 2010) , and many of these genes encode nematode effectors (Mitchum et al., 2013; Quentin et al., 2013) . HGT was first reported for cyst nematode cellulase genes (Smant et al., 1998) , which were demonstrated to be involved in nematode migration through the root, feeding, and potential modification of cell walls during feeding site development (Haegeman et al., 2011a; Mitchum et al., 2013) . There are six cellulase genes in M. hapla, arising from a combination of HGT and gene duplication. By contrast, P. coffeae carries only two cellulase genes (Table 6 ). A comparison of effector enzymes between P. coffeae and Meloidogyne spp. reveals that P. coffeae possesses a similar suite of types but in greatly reduced numbers. It has recently been reported that cellulase gene HGT is an ancient event that occurred in a progenitor species leading to the Pratylenchidae (from which Meloidogyne spp. evolved), and that additional cellulase genes in species of root-knot and cyst nematodes arose from duplication events (Rybarczyk-Mydlowska et al., 2012) . Our data support this hypothesis and suggest that acquisition of cellulase genes by HGT was a crucial 
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early step in the evolution of phytophagous feeding in nematodes. While little is known about effector molecules secreted from the less specialised migratory endoparasitic species, comparative analysis of effectors between sedentary and migratory endoparasitic forms may shed light on evolution of molecules necessary for both successful infection and formation of specialised feeding sites (Haegeman et al., 2011b) . Comparative analysis revealed effector candidates that are present in the sedentary endoparasites (rootknot and cyst nematodes) but not in P. coffeae, suggesting these putative effectors may be intriguing candidates for specialisation and complex feeding site formation (Table 7).
This observation can be extended to a number of other gene families thought to have arisen in plant-parasitic nematodes by a combination of HGT and duplication. There are 22 pectate lyases (PL), many with similarity to bacterial PLs, which have undergone substantial duplication and relocation within the M. hapla genome. By contrast, (Table 6) . Phylogenetic analysis shows two of the three P. coffeae PLs as divergent from the main group of M. hapla PLs, suggesting an HGT event followed by gene duplication. The third P. coffeae PL lies within a clade of M. hapla PLs, indicating continued evolutionary pressure on the gene since speciation from the common ancestor to the two nematodes (Fig. 4) . This observation can be extended to other gene families thought to be important in feeding site development by M. hapla. We hypothesise that duplication and relocation have played an essential role in the evolution of sedentary nematode parasitism and specialisation. The P. coffeae genomic sequence reveals an animal genome with approximately half the predicted genes of other species thus far characterised, including the singlecelled amoeba, Naegleria gruberi. Although possessing a small genome, P. coffeae possesses genes that all nematodes appear to utilise during growth and development. In addition, it contains a complement of genes specific to plant-feeding nematodes, although P. coffeae carries reduced numbers in multi-gene families compared to the more specialised root-knot nematodes (e.g., M. hapla). Individual P. coffeae genes may provide multiple functions, roles played by neofunctionalised and subfunctionalised gene families in other nematodes. Perhaps what is most intriguing about the P. coffeae genome is what it does not contain compared to the specialised root-knot nematodes; this provides tantalising clues about genes potentially involved in giant cell formation (Table 7) . Because these genes are not found in other nematode species, they represent robust candidates for genes underlying specialised functions within the plant-nematode interaction. Further, the similarities in suites of genes specific to plant-parasitic nematodes indicate a basal core of functions related to the phytophagous lifestyle. We speculate that P. coffeae represents a more primitive species of plant-feeding nematode than root-knot nematodes, and that evolution of specialised feeding site formation was due to a combination of gene family expansion and horizontal gene transfer events. Vol. 00(0), 2015
